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epidemiological survey and a food frequency questionnaire. BC risk was assessed overall, by menopausal status and by pathological subtypes, using logistic and multinomial regression mixed models adjusted for known confounding factors and including province as a random effects term.
Main outcome measures: Breast cancer and pathological subtype.
Results: High total intake of meat (ORQ4-Q1 (95% IC) = 1.39 (1.03-1.88)) was associated with increased BC risk among post-menopausal women. Similar results were found for processed/cured meat (ORQ4-Q1 (95% IC) = 1.47 (1.10-1.97)), and this association was particularly strong for triple-negative tumours (ER-, PR-and HER2-) (ORQ4-Q1 (95% IC) = 2.52
(1.15-5.49)). Intakes of well-done (ORwell-done vs rare (95% CI) = 1.62 (1.15-2.30)) and stewed (OR (95% CI) = 1.49 (1.20-1.84)) red meat were associated with increased BC risk, with a high risk observed for HR+ tumours (ER+/PR+ and HER2-). Pan-fried/bread-coated fried white meat, but not doneness preference, was associated with an increased BC risk for all women (OR (95% A C C E P T E D M A N U S C R I P T
Introduction
Breast cancer (BC) is the most common cancer among women worldwide, and constitutes the leading cause of cancer death among women in medium/high-income countries [1] . In Spain, 6 .264 women died from this disease in 2012, and BC accounted for 28% of all cancers in 2015 [2] .
The major known risk factors for BC in women include age, family history, and reproductive factors, including early age at menarche, late onset of menopause, nulliparity or first childbirth after age 30 years, overweight and obesity [1] . Even though diet is recognized as a modifiable contributing exposure, no conclusive evidence is available except for body fatness, weight gain and alcohol consumption [3] .
The International Agency for Research on Cancer (IARC) classified consumption of red meat as probably carcinogenic to humans (Group 2A), and processed meat as carcinogenic to humans (Group 1) in 2015 [4] . This evaluation was based on consistent associations between consumption of red meat and colorectal, pancreatic and prostate cancer, and processed meat linked to colorectal and stomach cancer. However, the World Cancer Research Fund and the American Institute for Cancer Research (WCRF/AICR) still consider the evidence about its relationship with BC risk as limited [3] .
On the other hand, cooked and processed meat can also be a source of several known mutagens, heterocyclic aromatic amines (HCA), and polycyclic aromatic hydrocarbons (PAH), depending on cooking methods, temperatures and duration [5] [6] [7] . However, meat cooking practices (methods and degree of cooking, or 'doneness') are research gaps in evaluating the relationship of meat and BC, and these factors may partly explain the heterogeneity found among studies.
Therefore, we investigated the role of meat intake, cooking methods and meat doneness in relation to BC, using data from the Spanish multicase-control study (MCC-Spain). provinces. Participants had to be able to answer the questionnaire and to have resided in the study area in the previous 6 months. The protocol of MCC-Spain was approved by each of the Ethics Committees of the participating institutions. All participants signed an informed consent prior to their inclusion in the study. More detailed information can be found elsewhere [8] .
MCC-Spain project recruited 1,738 incident BC cases in 10 Spanish provinces (Barcelona, Madrid, Navarra, Guipúzcoa, León, Asturias, Huelva, Cantabria, Valencia and Girona). Only histologically confirmed incident cases of BC (ICD-10: C50, D05.1, D05.7), with no prior history of the disease, and diagnosed within the recruitment period were included. We also recruited 1,910 healthy women, randomly selected from the listings of primary care centers within the catchment area of the participating hospitals. The response rate was 69% among BC cases and 54% among female controls.
Cases were subclassified according to the local pathology reports [9] Postmenopausal status was defined as the absence of menstruation in the past 12 months.
Data collection and exposure assessment
A structured computerized epidemiological questionnaire was administered by trained personnel in a face-to-face interview to collect information on socio-demographic factors, lifestyle, personal/family medical history, reproductive history, and environmental exposures
among other. In order to reduce interviewer bias, experienced professional interviewers -most of them nurses or sociologists-were trained to adhere to the question and answer format strictly, with the same degree of questioning for both cases and controls. The ad hoc epidemiological questionnaire was made by the researchers participating in the project after discussing and reaching consensus on the main questions to achieve the MCC-Spain objectives. In many instances, questions were based on questionnaires used in previous studies by the research team. Height and weight at different ages were self-reported, and waist and hip circumference were measured twice with a tape by trained interviewers [8] .
At the end of the interview, participants received a semi-quantitative food frequency questionnaire (FFQ) in paper form, to be filled at home (or while they were in the hospital) and returned by mail. This 154-item questionnaire obtained data on the usual food consumption, and was a modified version from a previously validated instrument to include regional products [11] . The FFQ refers to eating habits during the preceding year, and includes meat cooking methods and pictures to establish doneness preference. Cross-check questions on food groups intakes were used to adjust the frequency of foods intake and reduce misreporting of food groups with large numbers of items [12] .
Food frequency data were used to derive amount (g/day; g/1000 kcal/day) of each of the individual meat types. Meat products were grouped into the following categories: 1) white meat: 
Statistical analyses
Basic features of the relevant data, such as socio-demographic, lifestyle and meat consumption, were described by summary statistics. Continuous data, normally distributed, were described using mean and standard deviation, and differences were assessed using t-tests. Non-normally distributed continuous variables were described using the median and the interquartile interval (IQR), and differences between cases and controls were tested with non-parametric rank-sum tests. Categorical data were characterized by counts and percentages, and differences between cases and controls were tested using Chi-square tests.
Meat intake was categorized according to the quartile distribution among controls. The association of meat intake in quartiles, meat doneness preference or cooking methods with BC risk was evaluated using logistic mixed regression models, including the province as a random effect term. Adjusted models to derive odds ratios (OR) and 95% confidence intervals (CI)
included, as fixed-effects terms: age, educational level, body mass index (BMI) one year before the interview, age at first delivery, age at menarche, previous breast biopsies, family history of BC, menopausal status, smoking status, physical activity, alcohol intake and total energy intake.
Meat doneness preference models were further adjusted by the total intake of the corresponding meat group, and non-consumers were excluded. Meat cooking methods (yes/no) were included together in the same model, using the same confounders and also adjusting by total intake of the corresponding meat group. Stratified analyses by menopausal status were conducted including an interaction term in these models, and the significance of the heterogeneity of effects was assessed with the likelihood-ratio test.
Multinomial logistic regression models were adjusted to evaluate the association of meat intake in quartiles, meat doneness preference and cooking methods with BC by pathological subtype.
These models took into account the following confounders: age, educational level, body mass index (BMI) one year before the interview, age at first delivery, age at menarche, previous biopsies, family history of BC, menopausal status, smoking status, physical activity, alcohol intake, total energy intake and province. Heterogeneity of effects was tested using a Wald test comparing the coefficients obtained for the different cancer subtypes. To detect multicollinearity in the set of predictor variables, the variance inflation factors (VIFs) were estimated from
regression models for the following continuous variables: age, BMI, physical activity, energy intake, alcohol intake and red meat, white meat and processed/cured meat intake. VIFs indicated non multicollinearity (VIF values between 1.00 and 1.13).
We excluded those participants with missing dietary data (278 cases; 289 controls), extreme reported daily caloric intake (<750 kcal/day or >4,500 kcal/day) (23 cases; 32 controls) or missing information in covariates of interest (118 cases; 219 controls). BC cases that provided dietary information later than 6 months after diagnosis were also excluded (n=313). All statistical analyses were performed using STATA/MP (version 14.1, 2015, StataCorp LP).
Results
A total of 1,370 controls and 1,006 cases were analyzed in this study. Compared with the control group, BC cases were younger (56 vs 58 years old), more usually pre-menopausal (37% vs 30%), showed a higher proportion of previous history of breast problems (8% vs 2%), and presented higher daily energy intake than controls (1819 vs 1777 kcal per day) ( Table 1 ). In addition, BC cases reported a slightly higher consumption of processed/cured meat than controls (10.97 vs 9.97 g/day), and specified preference for a higher degree of doneness for red meat (22% vs 19%). Controls had a higher proportion of non-consumers of pan-fried/breadcoated fried white meat (42% vs 34%) or stewed red meat (32% vs 23%) ( Table 2 ).
Only among post-menopausal women we observed an increased risk of BC in women with the highest quartile, compared with the lowest quartile of intake, for total meat (ORQ4-Q1 (95% CI) = was not a significant heterogeneity of effects (p-het=0.517) ( Table 4 ). Sensitivity analysis
including hormonal contraceptives and hormone replacement therapy as confounders yielded very similar results (data not shown).
Regarding red meat doneness preference (Table 5) , our results indicated that women who consumed very well done red meat had a 1.62 times higher risk of BC (95% CI = 1.15-2.30; ptrend 0.011) than women who consumed it rare done. Such risk appeared to be slightly stronger among post-menopausal women (OR (95% IC) = 1.83 (1.19-2.82)), but the heterogeneity of effects among subgroups was not statistically significant neither for menopausal status nor for BC subtypes. We did not find any significant association with white meat doneness levels and BC risk (results not shown).
In relation to meat cooking methods, pan-fried/bread-coated fried white meat was associated with an increased BC risk for all women (OR (95% CI) = 1.38 (1.14-1.65)), with a stronger association for pre-menopausal women (OR (95% CI) = 1.78 (1.29-2.46); p-int: 0.059) ( Table 6) and no significant differences by BC subtype (Supplementary Table S1 ). Table 6 ). Sensitivity analyses excluding non-consumers of the corresponding meat group yielded very similar results (data not shown).
Discussion
Our results indicate that post-menopausal BC risk was associated with total (>51 g/1000 kcal/day), red (>25 g/1000 kcal/day), and processed/cured (>14 g/1000 kcal/day) meat intake.
The detrimental effect of a high consumption of processed/cured meat was particularly strong for TN tumours. Regarding red meat intake, we also observed higher risk of BC with preference for medium/well-doneness while among cooking methods, stewing was specifically linked to higher risk of HR+ tumours. In contrast, total intake of white meat or its doneness preference did not seem to have an effect on BC risk, but the consumption of pan-fried/bread-coated fried
white meat intake was associated with overall BC risk, with a stronger effect among premenopausal women.
Although many epidemiologic studies have been conducted to evaluate dietary factors with BC etiology, only a few of them have investigated the relationship with meat intake, including cooking practices, with inconsistent findings. In two large cohort studies, the Black Women's Health Study (n= 52,062) [13] and the Swedish Mammography Cohort (n= 61,433) [14] , no associations were observed between BC risk and total meat [13] , total red meat, fresh red meat or processed meat intake [14] , regardless of the menopausal and hormone receptor status.
Otherwise, recent meta-analyses of prospective studies suggested that higher intake of red and/or processed meat may increase the incidence of BC [15] . Our findings support an association between BC risk and red meat intake, as other studies reported [5, 6] , and red meat cooked at high temperatures, in line with some previous studies [6, 14, 16] . In our study, this relationship was stronger among post-menopausal women, similarly to the results published in the Nashville Breast Health Study, a population-based case-control study with more participants and lower meat intake than our study [6] . Moreover, TN BC, associated with a poor prognosis, has been recently associated with animal fat intake and meat consumption [17] . However, the Black Women's Health Study [13] reported no statistically significant associations of meat intake -including red meat, processed meat, and white meat-with BC by menopausal or hormone receptor status, but dietary patterns and meat-eating habits in African-American women could differ from the participants in this study. Finally, a higher processed red meat intake was associated with higher BC risk in postmenopausal women, in agreement with other studies [18] , and in TN tumours. A recent meta-analysis, based on twelve cohort studies, revealed that BC risk increased by 9% per 50 g/day of processed meat [15] .
Meat cooking practices may vary across populations, which may partly explain the observed heterogeneity among epidemiological studies. It is difficult to disentangle the influence of various meat cooking methods on BC because participants tend to use different methods. We observed different impact of the meat cooking methods on BC risk by type of meat applying mutual adjustment. First, stewed red meat, heated for a prolonged time, has emerged as a risk
factor for BC, especially for HR+ tumours. This cooking method has been previously associated with nasopharynx [5] , stomach [5] and colorectal cancer [19] , but not with BC risk. A description on the traditional Spanish stewing and a possible mechanism of carcinogenesis can be found in de Batlle et al. [19] . In summary, carcinogenic compounds produced during the first cooking phase, browned at high temperature, could remain in the sauce during the second phase, cooked for a long time at low temperature.
In our analysis, fried white meat -including buttered, breaded or floured meat-, but not fried red meat, was associated with a higher BC risk, especially in pre-menopausal women. Fried red meat has been associated with a higher risk of cancer of oral cavity, pharynx, esophagus [5] and pre-menopausal BC [20] . Other studies identified fried red meat as a risk factor for premenopausal BC [20] or ER+/PR-tumours [14] . High intake of fried meat was also reported to be positively associated with BC in a prospective cohort study in Finland [21] , and in several casecontrol studies [22] . Pan-frying involves cooking meat at high temperature and low moisture conditions. The amount of emissions cooking and fried-food mutagens is related to methods of cooking as well as cooking temperatures and duration [23] . In addition, frying time, types of breading, flouring or battering materials and frying oil influence the oil absorption, and so fat content and caloric consumption [24] . Finally, overheating and reuse of edible fats/oils induces chemical changes such as increase in formation of trans fatty acids and saturated fatty acids, and decrease in cis-unsaturated fatty acids [25] .
Red meat has been described as a potential cause of BC by several mechanistic hypotheses:
the generation of carcinogenic by-products (HCAs and PAHs) due to cooking meat at high temperatures [7] , animal fat [13] , heme iron [4] and the animal sugar molecule Nglycolyneuraminic acid [26] , which could promote inflammation, oxidative stress, and tumour formation; hormone residues of the exogenous hormones for growth stimulation in beef cattle, which have high affinity for estrogen or androgen receptors [7] , and carcinogenic environmental pollutants present in raw or unprocessed meat, such as heavy metals [27] . Potent human carcinogens present in red meat-rich diets, but not white meat [28] , are the N-nitroso compounds (NOCs) [7] -N-nitrosamines or N-nitrosoamides-formed in processed meat
products. In addition, processed meat products contain large amount of salt, that are not naturally present in fresh meat and may play a role in the etiology of several cancers [29] .
Finally, white meat generally contains less organic contaminants than red meats [27] , which could also partly explain the differences observed for global intake of white and red meat in our findings.
Our study has some limitations that should be borne in mind. We obtained information for case subjects on recent usual dietary habits -one year before diagnosis-and assumed the diet did not change, even though women often decrease the amount of red meat they eat during middle age [30] . Therefore, we could not explore whether meat intake and exposure to meat mutagens at a younger age, particularly during adolescence when the breasts are developing, may affect BC risk [30] . On the other hand, subjects completing questionnaires or being interviewed could have had difficulty in remembering past exposures or personal measurements. Because information was collected by interview or self-reported, it was susceptible to recall bias, interviewer bias, or relied on the completeness or accuracy of recorded information, respectively. These biases decrease the internal validity of the investigation, and were carefully addressed in the MCC-Spain study design. Recall bias arises when a differential response between cases and controls occurs, which can lead to a differential exposure misclassification.
Patients with cancer might be more conscious of unhealthy dietary habits than healthy participants and changes in dietary habits after diagnosis might also influence their responses to the FFQ. To minimize this bias, some questions about general dietary habits were included in the questionnaire, and used to adjust the responses to the FFQ following the methodology described in Calvert et al. [12] . Additionally, only cases that answered to the questionnaire within the 6 months following the diagnosis were included. We also recognize that self-reported height and weight could be also affected by response or recall bias when estimating BMI the year before BC diagnosis. However, as expected BMI was associated with BC risk only among post-menopausal women, and the consistency and strength of these associations make it unlikely that the recall bias in BC risk estimation could be large in relation to other possible uncertainties. Moreover, interviewer bias occurs when the interviewer asks leading questions or has an inconsistent interview approach between cases and controls. We implemented a
standardized interview with well-trained professional interviewers to reduce this bias.
Furthermore, missing values on key variables were completed through subsequent telephone contact. Finally, although all major known risk factors for BC were adjusted for, it is possible that some residual confounding effect may remain.
Strengths of the present study include the recruitment of histologically confirmed incident BC cases, and the use of a detailed FFQ to assess intake of different types of meat, doneness preferences and meat preparation. Most previous studies did not assess meat intake by cooking methods and doneness levels. Moreover, the geographic location of the recruited participants, coming from 10 provinces from the North, South, West and East of the country, ensured the variability in exposure due to different diets coexisting within Spain. Last, we could explore the influence of menopausal status and tumour subtype on the association as the number of participants was sufficiently large to detect differences. This point is especially important because data on meat intake in relation to BC pathological subtypes are really scarce. Although BC is a heterogeneous disease with different etiologies, few studies considered hormone receptor status and HER2 overexpression in their analyses.
Conclusion
Our study provides support for the importance of diet in BC prevention, and adds more evidence on the possible role of meat consumption on this tumour. According to our results, associations between meat intake and BC could differ according to type of meat consumed, degree of doneness, and cooking method. The risk of developing BC could be reduced by moderating the consumption of red meat, especially very cooked or stewed, pan-fried/breadcoated fried white meat, as well as processed/cured meat.
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